Although Hypericum species are best known as plants that produce hypericin and are used in folk medicine, their other chemical constituents are poorly understood. Polyphenolic secondary metabolites from whole plants of representative Korean Hypericum species (H. laxum Koidz., H. erectum Thunb., and H. ascyron L.) were analyzed using a ultra performance liquid chromatography-quadrupole time-of-flight/mass spectrometry (UPLC-Q-TOF/MS)-based approach combined with unsupervised principal component analysis (PCA) multivariate analysis. On the loading scatter plot, significant changes in metabolites were found between species, and three flavonol glycosides (8: quercetin-3-O-galactoside, 12: kaempferol-3-O-glucoside, and 13: quercetin-3-O-rhamnoside) were evaluated as key markers among 17 isolated metabolites. The extracts of H. laxum Koidz. exhibited significant quenching effects on DPPH and ABTS radicals, with IC 50 values of 10-20 μg/mL, and were slightly higher in total phenol (TP) and total flavonoid (TF) contents than other species. Additionally, antiinflammatory activity was observed by reduced nitric oxide (NO) and interleukin-6 (IL-6) production from lipopolysaccharide (LPS)-stimulated macrophages (RAW 264.7 cells). This is the first study to report the presence of bioactive metabolites and their correlating biological activities in H. laxum Koidz.
Hypericum (Hypericaceae), a genus of approximately 450 individual species of perennials or shrubs [1] , is well-known for its use in food products and cosmetics due to the wide range of nutraceutical and pharmacological properties of its many different species [2] . In traditional medicine, Hypericum species are also used for the treatment of many diseases because of their antidepressant [3] , antioxidant [4] , wound healing, antiviral [5] , antifungal [6] , and antibacterial activities [7] . In South Korea, Hypericum species are important herbal medicines used in the treatment of numerous disorders such as nausea, stomach ache, boils, and headache [8] . Current bioactivity-based metabolomic approaches allow plant extracts to be rapidly screened for secondary metabolites of the major constituents, including flavonoids, phenolic acids, xanthones, terpenoids, iridoids, and anthocyanins [9] . Moreover, metabolomic studies are of great interest in the derivation of key markers and the chemical classification of different species for chemotaxonomy [10] . To characterize the profile of bioactive metabolites, UPLC-Q-TOF/MS is now widely used in metabolomic studies and is recognized as one of the best analytical techniques for these types of studies. According to the results obtained from secondary metabolite studies, Hypericum species contain many phytochemicals, namely, flavonoids, xanthones, phloroglucinol, naphthodianthrones, essential oils, and phenolic acids, suggesting that they could have therapeutic potential in the prevention of various human diseases [11, 12] . Despite some reports of studies characterizing the metabolite profiles and the antioxidant and anti-inflammatory bioactivities of Hypericum, these characteristics have not been very closely investigated. Although many species of these plants have been widely investigated in vitro, this is not the case for Korean Hypericum plants. The secondary metabolites and biological activities of H. laxum Koidz., in particular, have not been studied. Therefore, the aim of this study was to compare the metabolite profiles of different Hypericum species growing in South Korea in order to elucidate the profile of bioactive metabolites. Through multivariate data analyses such as PCA using UPLC-Q-TOF/MS, variations in the metabolite profiles of Hypericum species were investigated. Furthermore, Hypericum methanol extracts of different species were investigated to determine their antioxidant and anti-inflammatory activities.
Simultaneous analysis of Hypericum secondary metabolites provides interrelating information describing comprehensive variation in the metabolite levels of plants produced in different species. To compare the metabolites from the different species of Hypericum plants, we performed PCA on the expected metabolite detection region in negative ion mode (2.5-10.0 min), a universally accepted method for phytochemical profiling in plant metabolomics. Interestingly, UPLC-Q-TOF/MS-based multivariate data of Hypericum samples were clearly distinguished by unsupervised pattern recognition technique, such as PCA, indicating significant differences in the levels of secondary metabolites. As seen in Figure 1A , the PCA score plot showed a clear separation of different groups of Hypericum samples, indicating that the chemical compositions of samples are different among different species. Principal components 1 (PC 1, 42.9%) and 2 (PC 2, 32.5%) accounted for 75.4% of the variation and revealed three distinct groups. In addition, the corresponding PCA loading plot enabled the detection of several markers responsible for group separation ( Figure 1B 
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were far from the center of the loading plot, suggesting that these compounds might be potential markers for the discrimination of Hypericum samples of different species. Furthermore, variations in the major marker content could be caused by bioactive compounds; flavonols of the main components (8, 12, and 13) may contribute to beneficial effects such as antioxidant activity. The relative amount of each marker metabolite in Hypericum species was significantly different, as shown in Figure 2 . Interestingly, three representative markers derived from each species appeared as main components.
After the multivariate statistical analysis, tentative major metabolites were identified using an in-house library, MS/MS spectra (accurate mass and fragmentation pattern in negative mode) and UV-vis spectra data by comparison with published literature for related Hypericum plants [1, 13] . In this study, we tentatively identified two chlorogenic acids (peaks 1 and 3), three proanthocyanidins (peaks 2, 5, and 6), two flavan-3-ols (peaks 4 and 7), nine flavonols (peaks 8-15 and 17), and one phenylpropanoid sucrose ester (peak 16) (supporting information). Table 1 shows detailed information on the individual secondary metabolites of different Hypericum species. Among 17 identified metabolites, three key markers (8, 12 , and 13) between Hypericum species and the three newly confirmed specific compounds (7, 11, and 16) from H. laxum Koidz. were structurally identified as follows. Three key markers (8, 12, and 13) and peak 11 were determined to be flavonol glycosides. The parent flavonoids were quercetin, isorhamnetin, and kaempferol ([M-H]at m/z 301, 315, and 285, respectively), which were conjugated to a range of sugars, including galactose, glucose, and rhamnose (losses of 162 Da for hexose and 146 Da for rhamnose moieties). Hence, the peaks were identified as quercetin (146 Da) . Notably, astilbin (7) was previously reported in H. monogynum, but it was first detected in H. laxum Koidz. Species [14] . Peak 16 produced [M-H]at m/z 707 and MS 2 fragment ions at m/z 545, 383, and 237, which was identified as phenylpropanoid sucrose ester, a newly confirmed component of Hypericaceae. The loss of 545, 383, and 237 Da was due to the cleavage of a coumaroyl residue, coumaroyl-fructosyl residue, and coumaroylfructosyl-furanosyl residue groups, respectively. Hence, peak 16 (707.2191, calcd for C 33 H 40 O 17 , 707.2187) was assigned as glomeratose C [15] .
Silva et al. reported antioxidant capacity was found to be positively correlated with flavonoids content [2] . To verify the correlations between metabolites and antioxidant activities, TP and TF contents, DPPH, and ABTS were measured in the three Korean Hypericum species. In the preliminary screening, total phenolic (TP) and total flavonoid (TF) contents were determined in different methanol extracts of Hypericum. As shown in Table 2 , the TP levels of Hypericum plants decreased in the following order: HA (56.7 mg CA/g) > HL (30.5 mg CA/g) > HE (28.7 mg CA/g). Conversely, the TF content was influenced by the structural similarity of quercetin: HL (29.0 mg Que/g) > HE (23.1 mg Que/g) > HA (14.6 mg Que/g). Bioactive metabolites such as polyphenols are known to be helpful in the treatment of inflammatory diseases related to NO production. In fact, previous studies have shown that constituents of secondary metabolites are associated with anti-inflammatory activities from Hypericum plants [5] . In particular, the effects of HL species on NO and pro-inflammatory cytokine (such as IL-6) inhibition has not been reported. Therefore, cell viability by MTT assay was determined to demonstrate these effects, and the extracts of Hypericum had no significant cytotoxicity in Raw 264.7 cells (supporting information). As shown in Figure 3A , at 80 μg/mL, the methanol extract of HL (38.6%) had the highest level of inhibition (%) on NO production, followed by those of HA (24.8%) and HE (22.1%), respectively. We also found that Hypericum extracts exhibit the production of the inflammatory marker IL-6. Among the Hypericum extracts, the HL methanol extract was the most potent inhibitor that could decrease IL-6 production significantly in a dosedependent manner as follows: 10, 20, 40, and 80 μg/mL could inhibit IL-6 production by 17.1, 24.7, 34.6, and 61.3% (*p < 0.05), respectively. A similar inhibition pattern was observed against IL-6 production ( Figure 3B ): at 80 μg/mL, HL (61.3%) > HA (37.6%) > HE (22.6%). These results indicated that Hypericum extracts can weaken the production of NO and cytokines such as IL-6 in LPSstimulated Raw 264.7 cells. This study provides, for the first time, a comparative metabolomic approach to identify the compositions and biological activities of metabolites in different species of Hypericum growing in South Korea. The present techniques of multivariate analysis using UPLC-Q-TOF/MS are important for the study of bioactive metabolites in multiple species for classification and quality assessment. Under this system, we identified two chlorogenic acids, three proanthocyanidins, two flavan-3-ols, nine flavonols, and one phenylpropanoid sucrose ester. In particular, flavonol glycosides as assorted key markers, which are present in relatively rich components in Hypericum species, were the major metabolites affecting antioxidant properties and anti-inflammatory activities.
The presence of bioactive metabolites in one of these species, HL (H. laxum Koidz.,) was reported for the first time. The results of this study indicate that these plants can provide useful bioactive metabolites for food/cosmetic products and medicinal sources. A voucher specimen (HL: KRIB 0000651, HE: KRIB 0000652~3, and HA: KRIB: 0000654) was deposited at the herbarium of KIRBB. For each species, six objects per sample were freeze-dried immediately, cut into small pieces with a laboratory blade cutter, and stored at −20 °C for further analysis or activity tests. All sample masses were based on dry weight. The chopped Hypericum samples (0.1 g) were mixed with 2 mL of methanol, and the mixtures were sonicated for 30 min. After centrifugation at 12,000 rpm for 10 min, the supernatant solution was collected and used for metabolomic analyses and biological assays. 
Experimental

Plant material and sample preparation:
UPLC-Q-TOF/MS analysis: The
Determination of Total phenolic and flavonoid content:
Total phenolic content (TPC) in each extract was measured according to the modified Folin-Denis method [16] . The total phenolic content of each extract was calculated in mg of chlorogenic acid (Sigma, St. Louis, USA) equivalent (mg CA/g). The total flavonoid content (TFC) was measured using the aluminum chloride colorimetric assay [17] . The standard calibration curve was made using quercetin (Sigma, St. Louis, USA) equivalents (mg Que/g). The absorbance of the solution versus a blank at 510 and 750 nm was measured.
Determination of antioxidant activities by DPPH and ABTS free radical scavenging activity:
Free radical scavenging activity of the sample extracts was determined spectrophotometrically using a modified method [18] . The amount of remaining DPPH radical was determined at 517 nm after 30 min, and the radical-scavenging effect was calculated as follows: E = [(A c -A t )/ A c ] × 100, where A c and A t are the respective absorbances of samples with and without extract solution. ABTS radical scavenging measurements were performed according to the modified method [18] . The colorimetric assay was conducted on 900 μL of the ABTS •+ solution, and 100 μL of extract solution was calculated by determining the variation in absorbance at 734 nm using the same DPPH equation.
Measurement of cell viability, production of NO and IL-6 in LPSstimulated RAW 264.7 cells:
Cultured RAW 264.7 cells (1 × 10 5 cells/mL, 10% FBS) were co-incubated with 0.5 μg/mL of lipopolysaccharides (LPS) and the extracts of Hypericum in different concentrations. After incubation for 24 h, cells viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay [19] . To measure the levels of nitric oxide (NO) from Hypericum extracts, equal volumes of Griess reagent (1% sulfanilamide and 0.1% naphthyl-ethylenediamine in 5% phosphoric acid) were added to the supernatant to measure NO production. Absorbance was read on an M4 multi-mode microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 540 nm and calculated as a percentage of the control. After the antiinflammatory effect of NO had been tested, the same culture media were used for determining interleukin 6 (IL-6) with ELISA kits (BD Biosciences, San Diego, CA, USA) according to the manufacturer's protocol.
